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An original set-up has been used to study the mechanical properties of aluminium alloys in tension during solidiﬁcation with a high
cooling rate (70 K s1). The mechanical behaviour of 6056 aluminium alloy with and without grain reﬁner has been investigated as well
as that of mixtures between AA6056 and AA4047. The results show that the alloys exhibit a viscoplastic behaviour in the mushy state. A
transition is observed between fracture in the mushy state and fracture in the solid state as a function of the displacement rate. This dis-
placement rate at the transition depends on the cooling rate and on the composition of the alloy. The displacement before fracture is
observed to be independent of displacement rate but to depend on the composition and on the solidiﬁcation rate. Based on the obser-
vations a criterion for fracture in the mushy state is proposed. A simple rheological law describing the mechanical behaviour of the alloys
is coupled to a ﬁnite element calculation giving the thermal ﬁeld during the tensile test. This simulation is able to reproduce the mechan-
ical response of the solidifying alloy during a non-isothermal test.
 2006 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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The mechanical response of partially solidiﬁed metallic
alloys subjected to straining is an investigation ﬁeld of wide
interest [1–5]. From the practical viewpoint, this response
needs to be understood to control material processing
where substantial deformation occurs in the mushy state,
either on purpose as in thixo-forming [6], or inevitably as
in the casting of ingots [7–10], or during welding [11,12].
In the latter processes, thermal contraction, shrinkage
associated with solidiﬁcation, and the boundary conditions1359-6454/$30.00  2006 Acta Materialia Inc. Published by Elsevier Ltd. All
doi:10.1016/j.actamat.2006.06.027
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E-mail address: fabregue@imap.ucl.ac.be (D. Fabre`gue).of the process exert tensile stresses on the material in the
mushy state. It is well known that these tensile stresses,
when acting at low liquid fractions, can lead to macro-
scopic failure (hot tearing) [13–15]. It is therefore crucial
to understand quantitatively the mechanical behaviour of
these materials, both in terms of stress–strain response
and in terms of fracture mechanisms.
Characterising the mechanical behaviour in the mushy
state is not an easy task. As far as the conditions where
hot tearing occurs are concerned, the interesting fractions
of solid comprise between 0.9 and 1 [16,17]. The tempera-
ture interval corresponding to this range of solid fractions
may be very small, depending on the alloy system. More-
over, it has been repeatedly shown in the literature that
the mechanical properties in the mushy state are highly
dependent on the thermal path: in fact, the mechanicalrights reserved.
Fig. 1. Microstructure of the as-cast 2% Si alloy.
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diﬀerent if the material is solidiﬁed in situ before the
mechanical test, or if it is re-melted from a fully solid sam-
ple [18,19]. In addition, in many practical cases, such as
during the solidiﬁcation of a weld pool, deformation of
the solidifying material occurs non-isothermally. The
mechanical behaviour in such non-isothermal conditions
has not received much attention until now [20].
This paper presents a detailed study of the mechanical
behaviour of several aluminium alloys, based on AA6056
+ AA4047 mixtures, during non-isothermal straining in
the mushy state. Mixing these two alloys is representative
of the composition of the nugget of laser welds of
AA6056 plates with AA4047 ﬁller wire. Indeed, increasing
the Si content in the weld pool is known to decrease sensi-
tivity to hot tearing [8,15]. Constant crosshead velocity
tests were carried out at relatively high cooling rates (25
and 70 K s1), the material being solidiﬁed in situ in the
tensile machine before straining started at a given solid
fraction. The studied parameters include the cooling rate,
the strain rate, and the chemical composition of the alloy.
The variation of stress during these experiments is dis-
cussed, and modelled using a constitutive law based on iso-
thermal experiments, published in a previous paper [3]. The
dependence of fracture mode on the diﬀerent testing
parameters is investigated, and a failure criterion is
proposed.
2. Experimental
2.1. Synthesis of the alloys
The AA6056 alloy was supplied by ALCAN as plates,
6 mm in thickness. It was received in the T4 condition
(solution heat treated followed by natural ageing). The
composition of this alloy (all concentrations in the follow-
ing are in wt.%) and of the ﬁller wire (AA4047) are given in
Table 1. The ﬁller wire was 1 mm in diameter. Diﬀerent
alloys were investigated: the original 6056 alloy and two
alloys obtained by mixing 6056 and 4047, with a resulting
Si concentration of, respectively, 2 wt.% (typical of laser
weld nuggets) and 4 wt.%. These alloys were used to study
the inﬂuence of the Si concentration on the mechanical
behaviour. A fourth alloy was obtained by adding a grain
reﬁner to the original 6056 in order to quantify the inﬂu-
ence of the grain size. In this case, 5 g/kg of ATi5B (Al–
5%Ti–1%B), which is a typical industrial grain reﬁner,
was used. In all cases, the materials were melted in a fur-
nace using a graphite crucible coated with boron nitride,
and subsequently cast in a boron nitride-coated stainlessTable 1
Composition (wt.%) of the 6056 and 4047 alloys
Alloy Mg Si Cu Mn Fe
6056 0.86 0.92 0.87 0.55 0.19
4047 0.1 12 0.3 0.15 0.8steel mould and air-cooled. The pouring temperature was
720 C and since the steel mould was not preheated, the
average cooling rate in the mushy zone was about
1 K s1. Fig. 1 shows the initial microstructure of the cast
samples.
2.2. Experimental set-up for non-isothermal tensile testing
In order to perform non-isothermal tensile tests with a
high cooling rate, a speciﬁc experimental set-up was
designed. The tests were carried out using an ADAMEL
DY 34 tensile machine with a 2 kN load cell. The sample
was heated by induction using an inductive copper coil
with a power of 5 kW. The samples were machined from
the ingots obtained as explained in Section 2.1. The sample
geometry is shown in Fig. 2. The two M5 holes allowed
screwing water ﬂow pipes to ensure a high cooling rate of
the sample during the whole test. A type K thermocouple
with a diameter of 0.5 mm was introduced in a hole drilled
at 14 oﬀ the specimen axis (Fig. 2) in order to measure the
temperature at the very centre of the sample. The thermo-
couple was coated with boron nitride to protect it from
liquid aluminium. Measurements were carried out to check
that the boron nitride coating did not aﬀect the tempera-
ture measurement. As the centre of the sample was fully
melted during the test, a crucible was placed around the
central part of the sample to hold the liquid bath. Two
types of crucible were used, made of alumina and graphite.
In the ﬁrst case, the crucible itself was not heated by induc-
tion during the heating stage of the aluminium sample;
therefore during the cooling stage the cooling rate was a
maximum, at approximately 70 K s1. In the second case,
the crucible was the main heat source during the heating
stage, thus more heat had to extracted during the cooling
stage, resulting in a reduced cooling rate of about 25 K s1.
2.3. Test procedure
Since the tensile tests were carried out in a non-conven-
tional manner, it is important to detail the test procedure
Fig. 2. Sample geometry for the non-isothermal tensile tests.
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Firstly, the specimen was attached to the ﬁxed grip of the
tensile testing machine. Then it was cooled by the water
pipes until it reached the temperature of the cooling water.
It was then attached to the moving grip of the machine and
heated by the inductive coil. During heating of the middle
part, the water was still ﬂowing through the sample. Dila-
tations due to thermal expansion of the sample were auto-
matically accommodated by regulating the load to zero.
When the temperature in the central part of the specimen
reached about 700 C, which means that this part is fully
liquid, the temperature was held for 15 s (Fig. 3). The
inductive coil was then shut oﬀ and the temperature began
to decrease. When the desired temperature for the begin-
ning of the tensile test was attained, the predeﬁned pro-
gram started the tensile machine at a given displacement
rate and the load was recorded during the test. All the tests
presented here were carried out using a solid fraction of
0.84 as a starting point of the loading. This fraction was
chosen to observe the behaviour in the mushy state. Lowert 
T 
700° 
T
 start
tensile 
15s 
2° /s Cooling
rate 
Fig. 3. Thermal cycle representative of the non-isothermal tensile test.starting solid fractions involve rapid fracture (absence of
ductility) whereas higher solid fractions lead to fracture
in the solid state.
2.4. Fractions of solid as a function of temperature
The evolution of the fraction of solid with temperature
for the three alloys under study was evaluated using the
ALCAN software Prophase [21]. This software assumes
inﬁnite diﬀusion in the liquid phase and takes into
account a limited back diﬀusion of the alloying elements
in the solid phase. The calculations of the solid fraction
were performed for a cooling rate of 10 K s1 (which rep-
resents the maximum solidiﬁcation speed taken into
account by the software) representative of the experimen-
tal cooling rate. The diﬀerence between this cooling rate
and that used in the calculations is believed to have a neg-
ligible inﬂuence on the solid fraction at a given tempera-
ture, since for both cooling rates back diﬀusion in the
solid is very limited.
2.5. Compression tests at high temperature
In addition to experiments carried out during solidiﬁca-
tion, experiments were performed to characterise the
behaviour of the alloys in the solid state. For these exper-
iments, compression test cylinders with a diameter of
12 mm and a height of 18 mm were machined. Before test-
ing, the samples were homogenised for 24 h at 480 C. The
compression tests were carried out using an ADAMEL
DY35 machine equipped with a radiant tube furnace.
The heating rate was 20 K min1 and the compression
tests were strain rate controlled using the mechanical cycle
given in Fig. 4. The force was measured using a 20 kN
load cell and the strain was calculated using the crosshead
displacement. The compression tests were conducted at
ε (%)
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Fig. 4. Mechanical cycle applied to compression samples in the solid state:
strain rate imposed as a function of the measured strain.
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Fig. 5. Measured stress as a function of strain during compression tests at
450 C carried out with the two alloys.
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which were measured using a type K thermocouple
inserted in the lower grip right under the surface. As an
example, Fig. 5 presents the results of a compression test
at a temperature of 450 C for the 6056 alloy and the alloy
containing 2 wt.% Si.
3. Results
3.1. Microstructure and fracture surfaces
The experimental set-up used in this study was aimed
at gaining a better understanding of the occurrence of
hot tearing during solidiﬁcation processes which involve
fast cooling rates associated with tensile stresses, and par-
ticularly during laser welding. Thus, one important point
is to reproduce the same fracture mode as encountered in
hot tearing of laser welds of the same materials, and to
check that the solidiﬁcation microstructure is qualitativelythe same as that in the nugget of such welds (a detailed
study of the weld microstructure can be found elsewhere
[22]). Fig. 6 shows the microstructure close to the fracture
surface of a tensile sample with a 2% Si concentration,
and the associated fracture surface, in comparison with
similar micrographs for a weld of identical nugget
composition. The conditions of the non-isothermal tensile
test were chosen so that fracture occurred in the mushy
state.
Both solidiﬁcation microstructures are equiaxed. The
grain size is, however, diﬀerent (500 lm in our experiments,
100 lm in the weld). The secondary dendrite arm spacing is
in a similar range in the two cases: 5 lm in the laser weld
and about 9 lm in the non-isothermal tensile test. This dif-
ference is explained by the diﬀerence in cooling rate:
70 K s1 in our experiments (fast cooling rate), compared
to approximately 300–400 K s1 in the laser weld. The frac-
ture surfaces look very similar, if one takes into account the
scaling eﬀect of the solidiﬁcation rate. In both cases, one
observes only smooth dendrite tips, which are characteris-
tic of fracture along the liquid ﬁlms in between the solidify-
ing grains, at small liquid fractions.3.2. Tests at slow cooling rate
The mechanical behaviour of the 6056 alloy tested with
a cooling rate of 25 K s1 is reported here. Fig. 7 shows the
inﬂuence of the displacement rate on the stress level. A
sharp transition exists between a displacement rate of
0.1 mm s1, where the stress reaches values characteristic
of the fully solid state before fracture occurs (50 MPa),
and higher displacement rates, where the maximum stress
is one to two orders of magnitude smaller in the range
1–2 MPa. Such fracture stresses are characteristic of frac-
ture in the semi-solid state (hot tearing) [23], where cracks
propagate along thin liquid ﬁlms constrained between
solidifying grains. This is conﬁrmed by observations of
the fracture surfaces associated with the low and high dis-
placement rates (Fig. 8). The material deformed at
0.1 mm s1 exhibits a ductile fracture surface, while the
material deformed at 0.4 mm s1 has clearly failed along
the liquid ﬁlms separating neighbouring grains and exhibit-
ing very little solid-state plasticity at the dendrite tips.
For the specimens fractured in the mushy state, the
stress increases slowly from the start of loading at a tem-
perature of 613 C until the temperature reaches 570 C
(solid fraction of 0.95) and then increases sharply until
fracture. The maximum stress is observed to increase with
increasing displacement rates.3.3. Tests at high cooling rate
For the tensile experiments carried out with cooling at
the high rate (70 K s1), the results are presented in terms
of stress as a function of fraction of solid, fs. The evolution
of the stress is plotted as a function of solid fraction in
Fig. 6. Comparison between non-isothermal tensile test and laser welding: (a) microstructure of a tensile test using a 2% Si alloy; (b) fracture surface of a
tensile test carried out at a displacement rate of 1.5 mm s1 on a 2% Si alloy; (c) microstructure of the fusion zone in a laser weld; (d) fracture surface of a
hot tear in a laser weld.
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Fig. 7. Measured stress as a function of temperature during a non-
isothermal tensile test at slow cooling rate (25 K s1) for diﬀerent
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behaviour is observed as compared to the slow cooling
rate, although it is slightly more complex: At high displacement rates (around 2 mm s1), the stress
increases sharply when deformation is applied, leading
to instantaneous failure. It can be assumed that this
behaviour represents essentially the loading of the
remaining liquid ﬁlms between the solidifying grains.
 At intermediate displacement rates, the stress increase is
more gradual. A stress plateau at about 1 MPa is
observed for the slowest displacement rates (around
1 mm s1). When fracture has not occurred before the
solid fraction of 0.95, the stress increases sharply at this
solid fraction, similarly to the slow cooling experiments.
The transition to fracture in the solid state occurs at
about 1 mm s1. This transition rate is unsurprisingly
considerably larger than in the case of the slow cooling
rate.
3.4. Inﬂuence of alloy composition
Diﬀerent alloy compositions, namely the 6056 base alloy
and alloys prepared by mixing this alloy with the Al–Si
eutectic alloy (AA4047) were tested. Two Si contents, 2
and 4 wt.% Si, were obtained. The addition of Si obviously
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Fig. 10. Solid fraction as a function of temperature (calculated by
Prophase software) for the 6056 and the 2% and 4% Si alloys.
Fig. 8. Fracture surface obtained after non-isothermal tensile test at a
slow cooling rate with 6056 alloy: (a) at a displacement speed of
0.1 mm s1; (b) at a displacement speed of 0.4 mm s1.
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Fig. 9. Measured stress as a function of the solid fraction during non-
isothermal tensile test at high cooling rate (70 K s1) for diﬀerent
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alloys.
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temperature range of the solidiﬁcation interval, but also
in terms of the shape of the solid fraction vs. temperature
curve. This is illustrated in Fig. 10, where the solidiﬁcationpaths computed by Prophase are plotted for the three
alloys. It is shown that in rapid solidiﬁcation conditions,
the 2% and 4% Si alloys show a much larger amount of
eutectic phase compared to the 6056 alloy; therefore it
can be expected that the mechanical behaviour in the
mushy state at high fractions of solid will be markedly
diﬀerent.
Fig. 11 shows the evolution of the stress as a function of
the solid fraction during the non-isothermal straining of
the three materials, at 1.5 mm s1. For all materials the
crosshead displacement is started at a solid fraction of
0.84 (corresponding obviously to diﬀerent temperatures);
however, both the maximum stress and the solid fraction
at fracture are considerably reduced when the Si content
is increased. Comparison between solid fraction at fracture
and solid fraction at the onset of eutectic formation reveals
that fracture occurs as soon as the eutectic mixture has
formed in all three alloys. One point is to know whether
the displacement rate at the transition between fracture in
Fig. 13. Fracture surface obtained after non-isothermal tensile test at a
high cooling rate at a displacement speed of 0.4 mm s1 (a) for the 2% Si
alloy and (b) for the 4% Si alloy.
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state is the same for the diﬀerent alloys. Fig. 12, which rep-
resents the maximum stress as a function of displacement
rate, shows that this critical displacement rate does depend
on the alloy composition: for a displacement rate of
0.4 mm s1, the 4% Si alloy fractures at less than 2 MPa
(thus in the mushy state), whereas the 2% Si alloy fractures
at 16 MPa (thus in the solid state). At 0.3 mm s1, how-
ever, the 4% Si alloy fractures at 17 MPa, a level character-
istic of the solid state.
The diﬀerence in fracture mode at a displacement rate of
0.4 mm s1 is further demonstrated by the fracture sur-
faces, shown in Fig. 13. The 2% Si alloy shows a mostly
ductile fracture surface, whereas the 4% Si alloy exhibits
a smooth dendritic surface.
3.5. Inﬂuence of a grain reﬁner
It has been observed during the high cooling rate exper-
iments, that the relationship between stress and solid
fraction exhibits diﬀerent shapes, depending on the dis-
placement rate. In some cases, a stress plateau is observed,
while for higher cooling rates the stress increase with
increasing solid fraction is more abrupt. In order to deter-
mine if these diﬀerent behaviours may be related to the
grain structure, experiments with grain-reﬁned alloys were
carried out. Fig. 14 shows the variation of stress with solid
fraction for the reﬁned and the un-reﬁned AA6056, at three
displacement rates.
At the fastest displacement rate (2 mm s1), both mate-
rials show a similar, abrupt increase of stress at a solid frac-
tion of about 0.85 until fracture. The reﬁned alloy shows a
slight stress plateau, which is, however, not very signiﬁcant
at this stage.
At the lowest displacement rate (0.8 mm s1), both
materials show exactly the same behaviour: an initial stress
increase at a solid fraction of 0.84, followed by a stress0
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Fig. 12. Maximum measured stress as a function of displacement rate
during a non-isothermal tensile test at high cooling rate (70 K s1) for the
2% and 4% Si alloys.plateau at about 1 MPa, and an abrupt increase of stress
at fs = 0.95 until ﬁnal fracture.
At an intermediate displacement rate, however, the two
materials behave completely diﬀerently. The unreﬁned
material exhibits a stress curve characteristic of the fast dis-
placement rate, whereas the curve for the reﬁned material is
characteristic of the slow displacement rate. This result
shows that there is a well-deﬁned transition displacement
rate between the behaviours at slow and at fast strain rates;
this value depends on the grain structure.
3.6. Displacement before fracture
The ability of a partially solidiﬁed material to resist hot
tearing is not only related to the maximum stress that it can
sustain, but also to its ability to deform before fracture
when subjected to an imposed strain. This property has
been evaluated during the non-isothermal tensile tests, as
the real displacement imposed on the specimen until the
maximum stress is reached which corresponds to fracture.
Fig. 15 shows the displacement at fracture as a function
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Fig. 14. Measured stress as a function of solid fraction during a non-
isothermal tensile test at high cooling rate (70 K s1) for three displace-
ment rates (DR) for the unreﬁned and the grain-reﬁned 6056 alloy.
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(6056, 2% and 4% Si). For a given alloy composition, the
displacement at fracture is very diﬀerent when the fracture
occurs in the solid state (large displacement at fracture) or
in the semi-solid state (low value). A sharp transition
between the two fracture mechanisms is observed, similarly
to the transition in maximum stress. An interesting feature
is that the displacement at fracture is observed to be con-0
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Fig. 15. Displacement at fracture as a function of the displacement rate
for non-isothermal tensile test at high cooling rate (70 K s1) for the
diﬀerent compositions.stant as a function of displacement rate, in the range where
fracture occurs in the mushy state. This constant value,
however, is observed to depend on alloy composition: the
lower the Si content, the higher the displacement to frac-
ture. It also depends on the cooling rate, as shown in
Fig. 16: the lower the cooling rate, the higher the displace-
ment to fracture.
4. Discussion
4.1. Mechanical properties of the mushy state before fracture
One of the important results reported above is that the
mechanical behaviour in the mushy state can be classiﬁed
in two characteristic categories when a constant displace-
ment rate is applied during solidiﬁcation. For high dis-
placement rates, the curves exhibit only a fast stress
increase and fracture occurs rapidly. For slow displacement
rate, the curves exhibit a more complex shape. When the
tensile strain rate is applied, there is an initial increase of
the stress to a value of 0.5–1 MPa. Then a stress plateau
is observed. Finally, when the solid fraction reaches 0.95,
the stress increases sharply. This last stage can be explained
by the transition between a mushy state, where almost all
the solidifying grains are separated by liquid ﬁlms so that
the mechanical properties are mostly controlled by the
liquid phase (before fs = 0.95), to a state where the solid
skeleton is signiﬁcantly connected. The solid fraction of
0.95 at which this transition occurs corresponds to the
so-called fraction of coalescence found in the literature
[24,25].
The presence of a stress plateau (which corresponds to a
signiﬁcant displacement at constant stress) before the for-
mation of a fully coherent solid skeleton suggests that a
rearrangement of the solidifying grains happens, by move-
ment of liquid towards the zones under maximum tension
[26]. This interpretation is consistent with the inﬂuence of
grain reﬁnement: indeed, the behaviour of the grain-reﬁned
material is identical in the cases of a very slow or a very fast
D. Fabre`gue et al. / Acta Materialia 54 (2006) 5209–5220 5217displacement rate, but the critical displacement rate diﬀers
markedly from the unreﬁned material. It can actually be
expected that the deformation mechanisms are identical
in both materials, but that the grain rearrangement can
occur much more rapidly in the reﬁned material owing to
a much smaller grain size, resulting in a stress plateau at
higher displacement rates.
Considering the inﬂuence of the Si content, we have
observed that fracture occurs at lower stress when the Si
content is higher, and that the associated displacement
before fracture is lower, which means that fracture is more
brittle. We have seen also that fracture occurs as soon as
the eutectic phase forms for the 2% Si and the 4% Si alloys.
We propose two explanations for this ‘‘embrittlement’’ by
the addition of Si. Firstly, in the case of the high-Si alloys
(2% and 4%), when the solid fraction is such that interden-
dritic bridges should form, an extra energy may be neces-
sary to create an interphase between the a phase dendrite
(aluminium-rich matrix) and the eutectic bridge. This could
result in a lower area fraction of intergranular bridges for a
given fraction of solid as compared to the 6056 alloy, where
a–a bridges can form due to the low fraction of eutectic
phase. This can explain the lower value of the maximum
stress. Secondly, the eutectic phases, which are formed
between the grains in the high-Si alloys, are rather brittle.
When the partially solidiﬁed material is strained, there is
a competition between plastic deformation of the interden-
dritic bridges and crack propagation at the grain bound-
aries. It is consistent that when the Si content is higher,
the fracture strain is lower, since the volume fraction of
brittle phase constituting the interdendritic bridges is
larger.
4.2. Fracture mode and displacement to fracture
Our experimental results have shown that a critical dis-
placement rate (CDR) can be deﬁned at the transition
between fracture in the mushy state (occurring by separa-
tion of grains along the remaining liquid ﬁlms) and fracture
in the solid state (with a clear ductile character). If the dis-
placement rate is lower than the CDR, fracture occurs in
the solid state for high stresses and high displacements.
This CDR depends on the cooling rate: for a given alloy
composition, the CDR increases with increasing cooling
rate. It is also observed that in the hot tearing regime
(i.e. when the displacement rate is higher than the CDR)
this displacement to fracture does not depend on the dis-
placement rate. Figs. 15 and 16 demonstrate, however, that
it depends markedly on the alloy composition: the CDR
decreases with increasing Si content.
Based on these results, a map describing the conditions
of fracture in the mushy state can be drawn as a function of
the diﬀerent parameters investigated, which can be trans-
lated in a criterion for fracture by ‘‘hot tearing’’, i.e. frac-
ture along the liquid ﬁlms. This new criterion for fracture
of liquid ﬁlms consists of two conditions that need to be
met simultaneously:(i) the displacement rate must be higher than the critical
one which is a function of the solidiﬁcation rate and
of the Si content;
(ii) fracture occurs if the total displacement applied to
the mush is higher than the critical displacement
which is also function of the same two parameters.
It should to be pointed out that both the critical dis-
placement rate and the critical strain to fracture depend
strongly on the cooling rate. The critical displacement rate
can be expected to scale linearly with the cooling rate, if the
solidiﬁcation conditions are not changed (e.g. solidiﬁcation
interval). The situation is less simple for the critical strain
to fracture. This depends on the cooling rate, which prob-
ably comes from the increased ability for the grains to rear-
range when the cooling rate is lower. However, the nature
of this dependence is not straightforward to predict. In a
ﬁrst approximation it can be assumed that it scales with
the inverse of the cooling rate.
This criterion could be integrated in the modelling of
any process for which solidiﬁcation of aluminium alloys
takes place with high solidiﬁcation rate. If the displacement
rate and the total displacement are predicted at any loca-
tion, this criterion can indicate if there is any risk for hot
tearing. However, the plasticity of the mushy state is not
negligible, and such a criterion should be coupled with a
rheological model capable of predicting the deformation
response of a material as a function of the applied stress,
temperature, fraction of solid, etc.4.3. Modelling the mechanical response during the
non-isothermal tensile test
In a previous paper [3], a constitutive law for the mushy
state has been presented. This law is suited to materials
partially solidiﬁed with high cooling rate before being ten-
sile tested. This law, the parameters of which have been
identiﬁed in isothermal tensile experiments, describes the
strain rate of the partially solidiﬁed material as a function
of the applied stress, as ﬁrst suggested by Van Haaften
et al. [27]:
_e ¼ A r
1 fGBWL
 n
exp  Q
RT
 
ð1Þ
where fGBWL is the fraction of grain boundaries wetted by
the liquid, and A, Q, and n are material parameters. The
relationship between the fraction of liquid and the fraction
of grain boundaries wetted by the liquid has been cali-
brated in order to match the mechanical behaviour during
the isothermal tensile tests [3]. The material parameters
have been extracted from compression tests carried out at
high temperature below the solidus. Table 2 gathered the
values of the parameters found for the 6056 and the 2%
Si alloy. This law describes accurately the maximum stress
obtained during isothermal tensile tests for diﬀerent tem-
peratures and strain rates [3].
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Fig. 18. Simulated stress as a function of solid fraction during non-
isothermal tensile test at high cooling rate (70 K s1) for the 6056 and the
2% Si alloy for diﬀerent displacement rates.
Table 2
Values of material parameters derived from compression tests at high
temperature
A (MPan s)1 Q (kJ mol1) n
6056 30 360 15.4
2% Si 35 305 12.9
5218 D. Fabre`gue et al. / Acta Materialia 54 (2006) 5209–5220This constitutive law is now used to model the mechan-
ical behaviour during the non-isothermal tensile tests. The
ﬁrst step of the model is to predict the temperature ﬁeld
during the tensile test. Thermocouples were placed in the
sample during selected tests and a numerical simulation
was carried out using the Calcosoft software [28]. This
thermal ﬁeld is then translated into a ﬁeld of solid fractions
using the Prophase curves presented in Fig. 10. The distri-
bution of the fraction of solid in the sample is presented in
Fig. 17 at diﬀerent times (time = 0 corresponding of the
beginning of the test). The solid fraction is then associated
with a fraction of grain boundaries wetted by the liquid,
using the relationship developed in a previous paper [3],
and thus to a strain rate for a given macroscopic stress.
The average strain rate of the specimen is then calculated
by integrating the local strain rates corresponding to the
local solid fractions along the specimen. This calculated
strain rate must be equal to the applied strain rate which
gives the value of the calculated stress. This procedure is
repeated for each time step to give ﬁnally the stress
response of the specimen during the non-isothermal tensile
test. The numerical integration is carried out using the
Scilab software.
Fig. 18 shows the predicted evolution of the stress when
the solidifying sample is subjected to a non-isothermal ten-
sile test for diﬀerent displacement speeds and two composi-
tions. The simulation predicts that the stress increases to
about 1 MPa when the tensile deformation is applied and
then increases slowly until a solid fraction of about 0.96
is reached. From that point, the stress begins to increase
sharply. This corresponds well to the experimental situa-
tions. This very simple model is therefore capable of0
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Fig. 17. Solid fraction as a function of the distance to mid-sample during
a non-isothermal tensile test at high cooling rate (70 K s1) calculated by
Calcosoft software (t = 0 corresponds to the beginning of the test).describing, at least in a qualitative way, the complex phe-
nomena occurring during the non-isothermal tensile test.
However, the limits of this model must be discussed.
Firstly, the model does not integrate the complex eﬀect of
the displacement speed as observed in Fig. 9. Owing to
the simplicity of Eq. (1), the model cannot reproduce the
transition observed as a function of the displacement rate.
This model is suitable for studying the mechanical response
of the mush in the case where intermediate displacement
rates are imposed. This is representative of the hot tearing
phenomenon characterised by fracture occurring at high
solid fractions. Another limit of this model has to do with
the inﬂuence of the alloy composition. The composition of
the alloy is taken into account through the material param-
eters A, Q, and n. This leads to a poor sensitivity of the
model to the Si content. A possible improvement of the
model would be to consider, according to the composition
of the alloy, a diﬀerent relationship giving the fraction
fGBWL as a function of the liquid fraction. Indeed, for the
same solid fraction, the liquid phase may be spatially dis-
tributed in various ways depending on its composition as
solid–liquid interface energies might depend on solute con-
tents. Similarly the inﬂuence of the presence of the grain
reﬁner is not taken into account in Eq. (1). Nevertheless,
modiﬁcation of the relationship between fGBWL and liquid
fraction is possible to account for the eﬀect of grain size on
the distribution of the liquid phase in the mush.
4.4. Application to welding
It is worth considering now the ﬁnal goal of our study,
i.e. the hot tearing phenomenon during laser welding of
aluminium alloys. It is usually admitted that the use of
Al–Si alloy as a ﬁller wire decreases the hot tearing suscep-
tibility of a weld. Numerous studies have conﬁrmed that, as
the Si content increases, the hot tearing susceptibility
increases until the maximum solubility of Si in Al is
reached, and then decreases rapidly [29–31]. Our results
D. Fabre`gue et al. / Acta Materialia 54 (2006) 5209–5220 5219show that the inﬂuence of the Si content on the hot tearing
susceptibility is not that straightforward. Actually, increas-
ing the Si content results in a decrease of the intrinsic
mechanical properties (stress and strain to fracture) when
the partially solidiﬁed material is subjected to strain. The
beneﬁt of the addition of a Si-rich ﬁller wire on hot tearing
susceptibility could have several explanations. One could
be that the Si content changes the microstructure of the
mush and particularly the spatial distribution of the grains.
This could lead to the possibility of the grains rotating and
moving as in the case of the grain-reﬁned alloy, resulting
ﬁnally in delayed fracture. Another possibility is that Si
changes the wetting angle between the liquid and the solid
phase. In a conﬁguration prone to hot tearing, this would
permit the liquid to ﬂow more easily and to heal the form-
ing cracks. This cannot be observed during tensile tests
since the material that which is strained is that with the
lowest fraction of liquid: there is no remaining liquid to
heal the forming cracks. Another explanation is that the
addition of the ﬁller wire could change the thermal strain
applied to the solidifying material: it is known that adding
Si to Al reduces the thermal expansion coeﬃcient and the
volume change during solidiﬁcation. If the strain imposed
by the solidiﬁcation process decreases faster than the max-
imum strain before fracture, the net eﬀect of an increase of
the Si content would then be beneﬁcial.
5. Conclusions
An original experimental set-up was developed to study
the fracture behaviour of Al–Mg–Si–Cu alloys during
non-isothermal tensile tests carried out in the mushy state
during solidiﬁcation. The mush exhibits a viscoplastic
behaviour and shows a transition between fracture in the
solid state and fracture in the semi-solid state when the
imposed displacement speed is decreased. This critical speed
for the occurrence of rupture in the mushy state depends on
the composition of the alloy and on the cooling rate.
Decreasing the Si content, increasing the cooling rate, or
adding a grain reﬁner leads to an increase of the critical
speed. These experiments also show that the displacement
to fracture does not depend on the displacement speed
but is a function of the cooling rate and the composition.
Based on these two conclusions, a criterion for the occur-
rence of fracture in the mushy state is suggested which
involves a critical strain rate and a critical strain.
The mechanical behaviour of the mush is successfully
modelled using a creep-type law in which the fraction of
grain boundaries wetted by the liquid is taken into account.
As far as the microstructure and the fracture surface
observed during these tests are representative of the hot
tearing phenomenon, which occurs during laser welding,
the model can be used in the simulation of this process.
Predictions of the strains involved during solidiﬁcation
would therefore be possible and consequently predictions
of the occurrence of hot tearing using a criterion such as
that developed in this study. However, diﬀerences betweenfracture in the mushy state during non-isothermal tensile
tests and hot tearing during laser welding should be kept
in mind. Indeed during laser welding, some remaining
liquid can feed the hot tears and heal them, whereas during
tensile testing the conditions are much more severe. The
addition of a ﬁller wire during welding can also change
the physical properties of the mush, and therefore aﬀects
the occurrence of hot tearing. Nevertheless, this study is
thought to constitute a step towards the understanding of
the behaviour of a mush under non-isothermal conditions
with a high cooling rate and the conditions of the occur-
rence of hot tearing during laser welding processes.Acknowledgements
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